Abstract Prostate cancer has come to share the oncological centrestage among male cancers.
Introduction
The outstanding successes achieved in cancer treatment and patient survival in the last half of the 20th century should be credited to the "golden five" of that era: Imaging, Radiation, Chemotherapy, Radical Surgery and Screening programmes. Successes in the treatment of colon cancer, breast cancer, cervical cancer and lung cancer through a convergence of specialities and public health initiatives are well known. This success stimulated efforts to detect as many more cancers early, and save lives.
In the same period, nothing in Urologic practice captured the imagination of public and professionals alike as Prostate cancer did. The emergence of Prostate Specific Antigen (PSA) as a marker for this disease, and the increase in aging population in many countries, stimulated a campaign of early detection and treatment in the United States, followed by Europe. In this review, we take stock of the contemporary role of this glycoprotein in saving the lives of prostate cancer patients through early detection and effective treatment. We look at the physiology of PSA production, its function in the body, its significance in Prostate cancer and the various twists and turns in its journey as a premier tumour marker in Prostate cancer.
Prostate cancer is common, and a frequent cause of cancer death. In urban India, prostate cancer is the most commonly diagnosed visceral cancer [1] ; in 2011, there were expected to be 1,683/1,00,000 new prostate cancer diagnoses and about 1,027/1,00,000 prostate cancer deaths [2] .
Prostate specific antigen (PSA) is a glycoprotein and is expressed by both normal and neoplastic prostate tissue. The absolute value of serum PSA is useful for determining the extent of prostate cancer and assessing the response to prostate cancer treatment; its use as a screening method to detect prostate cancer is also common, although controversial.
The measurement of PSA, recommendations for clinical use and advances in PSA testing will be reviewed here. The review is divided in three sections. 
PSA Expression and Processing
Under normal conditions, PSA is produced as a proenzyme (proPSA) by the secretory cells that line the prostate glands (acini) and secreted into the lumen, where the propeptide is removed to generate active PSA. The active PSA can then undergo proteolysis to generate inactive PSA, of which a small portion then enters the bloodstream and circulates in an unbound state (free PSA). Alternatively, active PSA can diffuse directly into the circulation where it is rapidly bound by protease inhibitors, including alpha-1-antichymotrypsin (ACT) and alpha-2-macroglobulin [3, 4] . Figure 1 In men with a normal prostate (i.e., no cancer and no major inflammation/infection), the majority of free PSA in the serum reflects the mature protein that has been inactivated by internal proteolytic cleavage. In contrast, this cleaved fraction is relatively decreased in prostate cancer. Thus, the percentage of free or unbound PSA is lower in the serum of men with prostate cancer (and conversely, the amount of complexed PSA is higher) compared with those who have a normal prostate or BPH [5] [6] [7] [8] .
Factors Affecting Normal PSA Levels A number of factors affect the normal PSA levels and should be known before making a decision on what is elevated.
Age-Specific Reference Ranges
In men without prostate cancer, serum PSA reflects the amount of glandular epithelium, which in turn reflects prostate size. Thus as prostate size increases with increasing age, the PSA concentration also rises; it increases at a faster rate in elderly men [9, 10] . As a result, different normal reference ranges may be appropriate based upon a man's age. The following ranges have been suggested: 40 to 49 years 0 to 2.5 ng/mL 50 to 59 years 0 to 3.5 ng/mL 60 to 69 years 0 to 4.5 ng/mL 70 to 79 years 0 to 6.5 ng/mL
Age-specific reference ranges have been proposed as a means of improving specificity and positive predictive value of the serum PSA in screening for prostate cancer. However, it should be recognized that the use of a higher upper range of normal for older men reduces the sensitivity of serum PSA testing for the detection of early prostate cancer, while increasing specificity.
Race-Specific Normal Ranges
Men without cancer from different ethnic and racial groups have different average PSA concentrations. In particular, black men without prostate cancer tend to have higher PSA values than white men without prostate cancer. It has been proposed that the definition of a "normal" PSA should vary by race using race-specific reference ranges.
Indian baseline values tend to be lower age specific PSA and higher PSAD values than those quoted in western literature. In an Indian study, a PSA level of 2.2 ng/ml and a PSAD of 0.15 ng/ml/cc in a 48 year old man has been proposed and needs further evaluation and validation [11] .
Other Effects on Normal Range
Weight appears to be associated with PSA concentration. In population-based studies of men without prostate cancer, increasing body mass index (BMI) is associated with a lower mean PSA concentration [12] [13] [14] [15] .
Medications
Several classes of medication may affect serum PSA levels:
Finasteride and Dutasteride, inhibitors of 5-alphareductase, produce an approximately 50% or greater decrease in serum PSA during the first 3 to 6 months of therapy, which persists as long as the drug is continued. This is probably due to direct interference by these drugs with the prostatic intracellular androgen response mechanism [16] , although these agents actually reduce prostate size which likely contributes to the lower PSA levels as well [17] [18] [19] [20] .
Other drugs which can lower the levels of PSA are NSAIDs [21], Statins [22, 23] and Thiazide [21] group of drugs. Whether the small changes in PSA levels seen in patients on treatment with NSAIDs, Acetaminophen, Statins, and Thiazides are clinically significant is unclear. It is also unclear whether as a corollary these drugs also reduce the risk of Prostate Cancer. This effect should, perhaps, be kept in mind when evaluating PSA changes in patients on treatment who might subsequently be prescribed one of these drugs.
Random Variation
Given the factors governing the release of PSA from the prostate, and the variability in levels that occurs with different assays, elevations seen with serial measurements may These modifications are expected to be useful in further prostate cancer screening procedures like biopsy, when the total PSA is 2.5 to 10.0 ng/mL, the range in which decisions regarding further diagnostic testing are most difficult.
PSA Density
The use of PSA density is based on the premise that a large benign adenoma may contribute to elevated PSA levels even in the absence of cancer. To compensate for BPH and prostate size, transrectal ultrasound (TRUS) has been used to measure prostate volume. Serum PSA is then divided by prostate volume to give a PSA density, with higher PSA density values (greater than 0.15 ng/mL) being more suggestive of prostate cancer while lower values are more suggestive of benign hypertrophy [35, 36] .
This seemed a promising concept, subsequent work has show up limitations of this measurement, while an early study suggested that PSA density was a promising method for distinguishing patients with benign and malignant prostate disease [35, 37] , subsequent reports have found considerable overlap in PSA densities between these groups [38] . One multicenter study that compared PSA density versus PSA for the early detection of prostate cancer found that almost one-half of the cancers would have been missed using 0.15 ng/mL/cc as a cut-off for biopsy [39] .
PSA Velocity
Another approach has been to assess the rate of PSA change over time (the PSA velocity). An elevated serum PSA that continues to rise over time is more likely to reflect prostate cancer than one that is consistently stable [40] . In one study, a PSA velocity cut-off of 0.75 ng/mL per year distinguished patients with prostate cancer from those with either BPH or no prostate disease with a specificity of 90 and 100%, respectively [41] . A further study from the same group found that when PSA was <4 ng/mL, a PSA velocity >0.35 ng/mL per year measured over several years was associated with a high risk of death from prostate cancer 15 years later [42] . Similarly, another series of studies from a different group found that among men with prostate cancer, a PSA velocity >2 ng/mL per year in the year prior to diagnosis was associated with an increased risk of death from prostate cancer after radical prostatectomy or radiation therapy [43, 44] .
In practice, the usefulness of PSA velocity is in part limited by variability in the serum PSA levels at different times in the same patient, irrespective of the presence or absence of cancer; at least three consecutive measurements should be performed [45] . A longer time over which values are measured can help reduce the general variation (i.e. "noise") in the PSA measurements. The need for prolonging the screening process on this count can further increase anxiety about the disease.
Serum Free and Bound PSA
As noted previously, prostate cancer is associated with a lower percentage of free PSA in the serum as compared with benign conditions.
The percentage of free PSA (free/total PSA) has been used to improve the sensitivity of cancer detection when total PSA is in the normal range (<4 ng/mL) and to increase the specificity of cancer detection when total PSA in the "gray zone" (4.1 to 10 ng/mL). In this latter group, the lower the value of free to total PSA, the greater is the likelihood that an elevated PSA represents cancer and not BPH. As an example, in one study of men with PSA values in this range, the probability of cancer in men with a free-to-total PSA below 10% was 56%, compared with only 8% in men with a value >25% [46] .
As with total PSA, there is no absolute cut-off ratio that reliably differentiates prostate cancer from BPH. The optimal cut-off value PSA is unclear and depends upon whether optimal sensitivity or specificity is sought [47, 48] . The higher the cut-off value, the greater the sensitivity (i.e., fewer cancers missed), but the lower the specificity (greater number of false positives).
Free PSA may be useful for risk stratification in men with prostate cancer. A lower percentage of free-to-total PSA may be associated with a more aggressive form of prostate cancer [49] .
Complexed PSA Considerable effort has been expended to develop assays for ACT-complexed PSA (cPSA); only recently has this been achieved [50] [51] [52] . Such an assay would theoretically provide a similar enhanced degree of specificity as the free-tototal PSA ratio, but require only the measurement of a single analyte. Complexed PSA has been approved for the monitoring of men with prostatic carcinoma [53] .
Percent [-2] proPSA
[-2] proPSA, is unbound and potentially higher in men with prostate cancer. Based upon this observation, there has been growing interest in using the ratio of [-2] proPSA to free PSA (expressed as percent [-2] proPSA or% [-2] proPSA) for prostate cancer screening. One multicenter study of 566 men undergoing biopsy found that% [-2] proPSA significantly outperformed both total PSA and percent free PSA [54] . At 80% sensitivity,% [-2] proPSA had 52% specificity, compared to 30% for PSA and 29% for percent free PSA. Percent [-2] proPSA is currently approved by the European Union for prostate cancer detection.
Improving the Accuracy of PSA The need for an accurate marker is driven by the fear of unnecessary biopsies on the one hand, and the more danger risk of missing a treatable cancer on the other. Given the scepticism about the utility of aggressive screening programmes, we would certainly appreciate something more accurate than what we have.
There is no consensus on using any of the PSA modifications, and none of them has been shown to reduce the number of unnecessary biopsies or improve clinical outcomes. The total PSA cut-off of 4.0 ng/mL has been the most accepted standard because it balances the trade-off between missing important cancers at a curable stage and avoiding detection of clinically insignificant disease and subjecting men to unnecessary prostate biopsies [55] [56] [57] . Ongoing efforts are targeted at identifying new serum markers that will have greater diagnostic accuracy for prostate cancer, particularly those that can predict aggressive tumours whose treatment will save lives [55, 58] .
PSA & Prostate Cancer Screening: Some Issues
Prostate cancer screening has been a controversial issue because decisions were made about adopting PSA testing in the absence of efficacy data from randomized trials. Subsequently, the European Randomized Study of Screening for Prostate Cancer (ERSPC) reported a small absolute survival benefit with PSA screening after 9 years of followup [59] ; however, 1,410 men needed to be screened and 48 additional patients would need to be diagnosed with prostate cancer to prevent one prostate cancer death. Although the report did not address quality of life outcomes, considerable data show the potential harms from aggressive treatments, including erectile dysfunction, urinary incontinence, and bowel problems [60] .
Sensitivity and Specificity
The American Cancer Society systematically reviewed the literature assessing PSA performance [61] . In this pooled analysis, the estimated sensitivity of a PSA cut-off of 4.0 ng/mL was 21% for detecting any prostate cancer and 51% for detecting high-grade cancers (Gleason ≥8). Using a cut-off of 3.0 ng/mL increased these sensitivities to 32 and 68%, respectively. The estimated specificity was 91% for a PSA cut-off of 4.0 ng/mL and 85% for a 3.0 ng/mL cut-off. PSA has poorer discriminating ability in men with symptomatic benign prostatic hyperplasia [62] . Table 1 Positive Predictive Value Overall, the positive predictive value for a PSA level >4.0 ng/mL is approximately 30%, meaning that slightly less than one in three men with an elevated PSA will have prostate cancer detected on biopsy [63] [64] [65] . For PSA levels between 4.0 and 10.0 ng/mL, the positive predictive value is about 25%. However, nearly 75% of cancers detected within the "gray zone" of PSA values between 4.0 and 10.0 ng/mL are organ confined and potentially curable [64] . The question is: how many of them would kill if not treated.
Negative Predictive Value
The Prostate Cancer Prevention Trial, which biopsied men with normal PSA levels, estimated a negative predictive value of 85% for a PSA value ≤4.0 ng/mL [66] .
Effectiveness of Prostate Cancer Screening
In real terms, the efficacy of a screening programme need not necessarily mean it is effective. While efficacy will improve diagnosis, the programme can be considered "effective" only if it results in improved survival. The thrust, however, continues to be towards improving "efficacy", in the hope perhaps that this will 1 day also be "effective".
Effect of Lowering PSA Cut-Offs
Some investigators have suggested using a lower PSA cutoff because some men with PSA levels below 4 ng/mL and normal digital rectal examinations were found to have prostate cancer [67] [68] [69] [70] .
In a subset analysis from the placebo arm of the Prostate Cancer Prevention Trial, 449 of 2,950 men (15.2%) ages 62 to 91 years who had consistently normal PSA levels and digital rectal examinations during the 7 years of annual screening had prostate cancer on an end-of-study biopsy; 67 (2.3%) had high-grade prostate cancer with a Gleason score of 7 or higher [66] . Among men with a PSA concentration between 2.1 and 4.0 ng/mL, 24.7% had prostate cancer, and 5.2% had prostate cancer with a Gleason score of 7 or higher.
These observations indicate that there is not a clear cutoff point between "normal" and "abnormal" PSA levels. The Prostate Cancer Prevention Trial found that for biopsies performed during follow-up in the control group even a PSA cut-off of 1.1 ng/mL would miss 17% of cancers, including 5% of poorly differentiated cancers [71] . Thus, any choice of PSA cut-off involves a tradeoff between sensitivity and specificity. While lowering the PSA cut-off would improve test sensitivity, a lower PSA cut-off would also reduce specificity, leading to far more false-positive tests and unnecessary biopsies. It has been projected that if the PSA threshold were to be lowered to 2.5 ng/mL, the number of men with PSA level considered abnormal would double, to up to six million in the US [72] . Additionally, many of the cancers detected at these lower levels may never have become clinically evident, thereby leading to over diagnosis and overtreatment [57] . There is also evidence that diagnosing prostate cancer at low PSA levels does not affect outcome. A study of 875 men undergoing radical prostatectomy found only a limited association between preoperative PSA levels of 2 to 9 ng/mL and cure rates [73] . The disease-free survival curves did not significantly diverge until the preoperative PSA levels reached 7 ng/mL, suggesting that diagnosing cancers in patients with lower PSA levels may be unnecessary. Most of the PSA elevation below 7 ng/mL was attributed to benign hyperplastic tissue. The investigators emphasized the need for a better serum marker to identify early-stage aggressive cancers.
A 2010 meta-analysis summarized results from six randomized trials (including unique data from two ERSPC sites), with a total of 387,286 participants [74] . Screening with PSA with or without DRE compared to no screening did not reduce death from prostate cancer (relative risk [RR] 0.88, 95% CI 0.71-1.09). However, screening significantly increased the probability of cancer diagnosis (RR 1.46, CI 1.21-1.77). Similar results were echoed in findings of the SEER group [1] .
Approach to Screening
Given the important trade-offs between potential benefits and harms involved with both screening or not screening for prostate cancer, and the lack of definitive data on screening outcomes, it is particularly important that patients make informed decisions about undergoing testing. The United States Preventive Services Task Force Guidelines [75] , American College of Physicians [76] , American Urology Association [77] , American Cancer Society [61] all stress the importance of informed decision making. Men who are willing to accept a substantial risk of morbidity associated with treatment in return for a small reduction in mortality might reasonably choose to be screened. Men who are at increased risk of prostate cancer because of race or family history may be more likely to benefit from screening.
Efforts have focused on using decision aids to help patients understand screening issues and make informed decisions for screening [78] . The American Cancer Society provided a list of Decision Aids for Prostate Cancer Screening [61] .
PSA and Prostate Cancer Recurrence
Due to the sensitivity of serum PSA as a marker for prostate cancer, serial measurements are routinely obtained to detect early disease recurrence in men who have been treated for localized disease.
Monitoring PSA after treatment of localized prostate cancer leads to the identification of men with a PSA-only (biochemical) recurrence. In this situation, increases in serum PSA over the baseline after initial treatment are not accompanied by symptoms or signs of locally recurrent or metastatic disease. Many of these men are relatively young and otherwise healthy. Thus, intense interest has been focused upon their treatment, with attention on both survival and the impact of therapy on quality of life.
Frequency of PSA Testing
The optimal frequency of PSA testing is unclear. Some authors suggest measuring PSA every 6 months for the first 2 years after treatment, and then annually [79] . Others recommend modifying the surveillance schedule according to pathologic grade and stage of disease, with decreasing frequency for low-risk disease and increasing elapsed interval following original treatment [80, 81] , although the majority do not adhere to this principle [82, 83] .
Definition of Biochemical Progression
The definition of PSA-only recurrence depends upon the initial treatment modality-prostatectomy or radiation therapy
Prostatectomy
All prostate tissue is removed during a successful radical prostatectomy. Postoperatively, therefore, detectable serum PSA using standard immunoassays is considered indicative of residual prostatic tissue, presumably representing locoregional or systemic cancer
Radiation Therapy
The definition of biochemical failure is more complicated after radiation therapy (RT) than following radical prostatectomy. Some normal prostatic glandular tissue remains and serum PSA levels are unlikely to fall to undetectable levels following a course of RT. The interpretation of serum PSA is also complicated by the use of androgen deprivation, in addition to radiotherapy in some patients with intermediate or high risk disease.
The decline in serum PSA following RT is gradual and the mean time for the PSA to reach its nadir is 18 months or longer [84] .
To standardize serum PSA testing for outcome assessment following RT, a 1996 American Society for Radiation Oncology (ASTRO) consensus panel addressed the definition of biochemical recurrence following definitive RT. Biochemical failure was defined as occurring after three consecutive PSA rises following a nadir. The date of biochemical failure was halfway between the nadir and the date of first rise or any rise great enough to provoke the initiation of therapy [83] .
A second consensus conference was held by ASTRO in 2005 to address issues that had subsequently been identified in the 1996 definition of PSA failure. Features of the revised "Phoenix" criteria [85] for PSA failure included: a) A PSA rise by 2 ng/mL or more above the nadir PSA is considered the standard definition for biochemical failure after external beam RT, regardless of whether or not a patient receives androgen deprivation therapy. b) The date of failure is defined by the time the rise in PSA is noted.
Men who normalize their serum PSA after receiving a full course of RT seem to have more durable responses than those who do not [86] .
PSA Bounce
This is a phenomenon seen in prostate cancer patients treated with radiotherapy.
Serum PSA levels typically fall after RT and can then rise ("bounce") transiently, at a median of 12 to 18 months after treatment [87] . This PSA bounce can occur in the absence of recurrent disease and is necessarily an indication for therapeutic intervention. There are no definitive methods to distinguish a PSA bounce from recurrent cancer. If an increase in the serum PSA is observed, the patient should be given reassurance, and the PSA can be repeated in 3 to 6 months. If the serum PSA continues to increase, a repeat biopsy can be considered, although the interpretation of a prostate biopsy performed following RT is difficult.
Prognosis after Biochemical Failure
The prognosis of men with prostate cancer following a PSA relapse is diverse, and biochemical failure does not necessarily predict death [88] [89] [90] [91] [92] . The variability in prognosis in different series ranges from estimates in the 4 to 5 year range to as long as 15 years or more.
Several parameters (e.g., PSA-doubling time) have been studied to distinguish men who are likely to develop "clinically significant" biochemical recurrence following either radical prostatectomy or RT from those who have more indolent disease [88, 93] .
Conclusion
The approval of PSA testing as a screening tool by the USFDA in 1994 triggered a tremendous enthusiasm for using PSA assays to detect and treat prostate cancer, thereby reducing deaths from this disease. It became clear over the years that PSA offered diagnostic advantages when levels were above 10 ng/mL; but efforts continued to detect cancer at lower PSA levels in the belief that such detection would, logically, lead to higher survival in prostate cancer sufferers. Attempts to increase its sensitivity as a marker for detection of prostate cancer led to introduction of refinements, some of them using derived values (e.g. PSA density, PSA velocity). More cancers were certainly detected, but data on increased survival was not as forthcoming.
Over the years, several questions about its effectiveness in saving lives have been asked, as distinct from the ability of PSA to detect histological prostate cancer. Questions have also arisen above the quality of life in those that had detection through screening with consequent radical treatments. On the basis of data presently available, it would be difficult to categorically take a stand on one or the other side of this line. If and when tests that can distinguish prostate cancer patients who are likely to die of the disease from those that the disease will not kill emerge, PSA may recede into the background. Till such time, it is here to stay.
Prudence in treating PSA-detected prostate cancer patients will address many of the concerns in the interim. 
